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Elastin-like polypeptides (ELPs) undergo a sharp solubility transition from low tem-
perature solvated phases to coacervates at elevated temperatures, driven by the in-
creased strength of hydrophobic interactions at higher temperatures. The transition
temperature, or ‘cloud point’, critically depends on sequence composition, sequence
length, and concentration of the ELPs. In this work, we present a temperature-
dependent, implicit solvent, sequence-specific coarse-grained (CG) simulation model
that reproduces the transition temperatures as a function of sequence length and
guest residue identity of various experimentally probed ELPs to appreciable accu-
racy. Our model builds upon the self-organized polymer model introduced recently
for intrinsically disordered polypeptides (SOP-IDP), and introduces a semi-empirical
functional form for the temperature-dependence of hydrophobic interactions. In ad-
dition to the fine performance for various ELPs, we demonstrate the ability of our
model to capture the thermal compactions in dominantly hydrophobic intrinsically
disordered polypeptides (IDPs), consistent with experimental scattering data. With
the high computational efficiency afforded by the CG representation, we envisage
that the model will be ideally suited for simulations of large-scale structures such as
ELP networks and hydrogels, as well as agglomerates of IDPs.
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I. INTRODUCTION
Stimuli-responsive polymers are key ingredients in switchable smart soft materials design
– materials whose physiochemical, and hence assembly properties can be critically altered by
local environmental stimuli1–6. A characteristic generic to responsive polymers is that they
undergo a sharp and reversible conformational change over a relatively small window of the
stimulus. Thermoresponsive polymers are a representative class of such stimuli-responsive
polymers, and respond to temperature as the external stimulus. These polymers are diverse
in composition, both biotic and abiotic, and have found wide-spread applications in the
design of targeted switchable materials. Such applications include for example the design
of surfaces with controllable wettability and stiffness, hydrogels, drug carriers and micellar
nano-materials, controllers of gene expression and enzyme function, and tissue repair7–15.
Elastin-like polypeptides (ELPs) are a special class of bio-inspired peptide-based ther-
moresponsive polymers, characterized by variants of the pentameric repeat motif (VPGXG).
The guest residue X can in principle be any amino acid but proline16. The most commonly
studied or the canonical ELP (VPGVG)n derives from the evolutionarily conserved hy-
drophobic domains of tropoelastin, the precursor to extracellular matrix protein elastin17.
ELPs undergo a sharp solubility transition at lower critical solution temperature (LCST)
from solvated phases at temperatures below to coacervates at temperatures above. The
transition temperature, often referred to and measured as the cloud point Tc, depends most
notably on sequence length (molecular weight), concentration of ELPs, and the identity of
the guest residue X18–28. Strongly hydrophobic guest residues result in typically low Tc
21.
The same trend is observed upon increasing the sequence length, and concentration24.
The modulators of Tc for ELPs are not limited to the physical attributes listed above,
which are also the primary stimuli for synthetic responsive polymers such as PNIPAM29,30.
Several other external stimuli18,31, such as ion concentration and specificity32, pH26, and
the presence of denaturants, co-solvents and co-solutes,33–35 etc., can appreciably change
the Tc for ELP sequences, imparting them with substantially higher, and also more tunable
responsiveness to changes in local environment22. It should be noted that polymers such
as PNIPAM and corresponding synthetic co-polymers can also be responsive to the above
stimuli, albeit to a lesser degree of tunability36–39. This heightened receptivity together
with additional advantages such as bio-compatibility, precise control over molecular weight
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in production23,40,41, recombinant peptide synthesis42, tunable co-polymerization43–47, and
complex self assembled structures22,48–50, makes ELPs ideally suited for applications such as
protein sorting, tissue repair, and drug carrier design22,46,51,52.
In addition to their potential for industrial and therapeutic applications, ELPs, owing
to their low sequence complexity, have historically been used as templates for studying the
temperature-dependence of inter-amino acid interactions. In notable early studies, Urry et
al. systematically investigated the influence of the guest residue identity on Tc, hence the
overall hydrophobicity of ELP sequences19–21. The different amino acids were accordingly
ranked based upon their observed hydrophobicities21. Subsequent experimental studies span-
ning over two decades have elucidated the influence of diverse stimuli on the LCST behavior
of diverse ELP sequences18,26,31–33,35. A mechanistic understanding of the LCST in ELPs,
however, is difficult to ascertain from experimental measurements alone. At the heart of the
problem lies the inability of conventional experimental techniques to probe the conforma-
tional ensembles of disordered polypeptides at high spatial resolution53,54. In experimental
studies Tc is conventionally obtained using macroscopic measurements of turbidity profiles
through the ‘cloud-point’ of ELP solutions45,55.
Computer simulations using all-atom resolution and state-of-the-art force fields have been
instrumental in studying the room-temperature, as well as temperature-dependent structure,
and mechanism of LCST transition in ELPs56–62. For example, simulations have revealed
that contrary to Urry et al ’s β-spiral model63, the high temperature phases of ELPs are
substantially disordered, and resemble the molten ‘collapsed globule’ states observed in
proteins56. Insights have been gained on the significance of desolvation-mediated-attraction
among hydrophobic amino acid side chains59, transient hydrogen bonding interactions along
the polypeptide backbone58,60, and the disorder-promoting influence of proline residues61,
etc. Owing to the inherent computational cost associated with explicit-solvent simulations,
the length (and time) scales that can be studied by all-atom simulations is limited. These
simulations accordingly cover smaller sequence lengths than studied experimentally. In order
to study larger length scale structures such as ELP networks and hydrogels, it is rewarding
to use more coarse-grained (CG) simulation models62,64, while also retaining the sequence-
specific and temperature-dependent properties pertaining to the different ELP sequences.
The development of such an explicitly temperature-dependent, i.e., temperature-transferable
CG model64–67 is the primary objective of the present study.
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Temperature-dependence of the dimension and phase behavior of natively disordered
polypeptides is not specific to ELPs alone. It depends strongly on sequence composition
and directionality, as demonstrated in recent years by studies on phase demixing in biolog-
ical systems68–75. Predominantly polar sequences remain expanded, or under good-solvent
conditions irrespective of the solution temperature. A high content of charged and aromatic
amino acids is observed to promote coacervation below upper critical solution temperatures
(UCST), signifying the role of multivalent electrostatic and pi-pi or cation-pi interactions in
the UCST behavior68–70,76,77. LCST behavior, or compaction at high temperatures can be
mapped to the abundance of hydrophobic (and hydrophobic aromatic) residues, but with
low charge content in the sequences68,76. It is, however, intriguing to observe that even after
accounting for the (expected) temperature-dependences of the above mentioned interactions
using theory and detailed molecular simulations, accounting for the temperature-dependent
compaction of IDP sequences to quantitative agreements with experimental observations
still remains elusive78. This conundrum was highlighted by Skepo¨ et al., phrased through
the highly pertinent question,– “Is it possible for the currently available simulation methods
to accurately mimic the experimental temperature induced structural changes in IDPs?”79.
Recent work by Mittal et al. provides a viable strategy to a temperature - dependent param-
eterization of a CG model of IDPs, where the authors suggest refinements of the strength
of pairwise Lennard-Jones interactions among all amino acids using parabolic functions in
temperature64. The empirical parabolic form is motivated by statistical mining of protein
structures by Abeln et al80.
With the focus of the current study being LCST transitions in long ELP chains, the
temperature-dependence in our model is dedicated primarily to interactions among hy-
drophobic residues. To this end, we propose and systematically parameterize in this report
a simple, semi-empirical functional form for the strength of pairwise interactions among
hydrophobic moieties as a function of temperature. We demonstrate that our functional
form results in quantitative reproduction of Tc in hydrophobic ELPs for the first time in
CG simulations, and also reflects the high temperature compactions of more complex IDP
sequences. Explicit parameters are reported for use with the self-organized polymer model
for intrinsically disordered polypeptides (SOP-IDP)81,82, but the generic applicability of the
functional form to other CG models holds by construction. When applicable, we also con-
sider the temperature-dependence of the dielectric constant of water, and inverse Debye
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screening length of salt solutions to account for the temperature-dependence of electrostatic
interactions to a first approximation83.
The rest of the manuscript is organized as follows. The methods section starts with a
brief description of the temperature-independent SOP-IDP model81, followed by a detailed
description of the incorporation of temperature-dependence into the energy function. All
computational observables used in the manuscript are also outlined, together with simula-
tion protocols. In the results section, we first describe the parameterization of the model
using only two sequence lengths of the canonical ELP sequence (VPGVG)n. The model is
then applied to a detailed study of the temperature induced structural changes in diverse
uncharged ELP sequences. In the final section of the results, we test our simulation model
against reported experimental results for two IDPs well known for their complex transient
structure forming propensities.
II. METHODS
In order to incorporate temperature-dependence of inter-residue interactions in a CG
model, it is practical and convenient to develop a model that describes the ambient-
temperature phases of disordered polypeptides for diverse sequence compositions. The
recently developed SOP-IDP model has been shown to reproduce the radii of gyration
(Rg), as well as the small angle X-ray scattering (SAXS) profiles at room temperatures
for diverse sequence compositions, including highly charged, fully polar, and predomi-
nantly hydrophobic sequences81. We thus chose the SOP-IDP model, devoid of any ex-
plicit temperature-dependence of inter-residue interactions, as the template to build the
temperature-dependence upon.
In the current implementation of the SOP-IDP model an amino acid residue is represented
by two beads, a backbone bead and a side-chain bead. Glycine, with its side chain comprising
of only a single H-atom, is the only exception to this rule, and is described using a single
bead. Figure 1 shows a schematic representation of the mapping of a peptide segment onto
the CG SOP-IDP model.
The energy function for the SOP-IDP model is given by the equation
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The first term represents bonded interactions described by finite non-linear elastic (FENE)
potential, where NB is the total number of bonds in the system. The second, purely repulsive
term is only active between bead pairs that are not covalently bonded, but belong to residues
separated by ≤ 2 along the sequence. The total number of such bead pairs is denoted by
Nloc. The third term is a screened Coulomb potential accounting for electrostatic interactions
among charged beads. The parameters κ and ε in this term stand for the inverse Debye
length, and the dielectric constant, respectively. The charge of an amino acid is assigned to
the side-chain bead. Details on the significance these terms, in the context of both folded
proteins and disordered sequences, can be found elsewhere81,82,84,85.
FIG. 1. Schematic representation of the mapping of a peptide segment, –GVGVP– (from left to right,
H-atoms not shown for clarity) onto the SOP-IDP model. Backbone beads for valine (V) and proline
(P) residues are shown using transparent silver spheres, while the corresponding side-chain beads are shown
using red and purple transparent spheres respectively. The pale brown transparent spheres along the peptide
backbone represent glycine (G) residues described by a single bead.
The final three terms in eq 1 account for the inter-bead Lennard-Jones (LJ) interactions
in the model, and incorporate sequence-specificity beyond electrostatic interactions. These
interactions are only active among bead pairs that do not interact through the first two terms
in eq 1. In order of appearance, they represent the pairwise interactions among backbone
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- backbone, backbone - side-chain, and side-chain - side-chain beads (total NBB, NBS, and
NSS such pairs respectively). The van der Waals (vdW) radius for a bead pair (σi) is the
sum of the vdW radii of the interacting beads. To avoid any ambiguity with notations,
it is worth noting that σi in our notation represents the separation corresponding to the
minimum of the pairwise LJ interaction, often denoted by rmini in conventional notation
for LJ interactions (σSOP−IDPi = r
min
i = 2
1/6σLJi ). The term SS has the further explicit
form SS = 
0
SS |i − 0.7|, where the amino acid pair specific parameter i is obtained from
the knowledge-based Betancourt-Thirumalai statistical potential, and is used to reweight
the inter-residue interactions at ambient temperature (T ≈ 298 K)86. The energy scales
of these interactions are set by parameters BB, BS, and 
0
SS, parameterized to describe
disordered polypeptide sequences at ambient temperatures81. Description of the individual
bead properties and numerical values of parameters in eq 1 can be found in Tables S1-S3 in
the Supplementary Information (SI).
A. Temperature-dependence of hydrophobic inter-residue interactions
Experiments, theory, and simulations have shown that the solvation of hydrophobes in
water has a strong dependence on both temperature and size87–92. For isolated hydropho-
bic moieties having dimensions similar to amino acids, within the temperature range of
273 K to 400 K the hydrophobicities first increase with temperature, and then decrease.
This temperature-dependence has origins in the changes in structural dynamics of the sol-
vating water molecules, and the entropy of solvation changes sign over the temperature
interval88,91,93. Similar behavior has recently been evidenced from statistical mining of pro-
tein structures at different temperatures80. However, while the temperature-dependence of
hydrophobic interactions is widely acknowledged to be of critical importance in the phase
behavior of both folded and disordered polypeptide sequences, and generally for thermore-
sponsive hydrophobic polymers94–96, explicit temperature-dependence of pairwise hydropho-
bic interactions is not conventionally used in CG models97–102 because of the challenges
in the consistent thermodynamic mapping of the atomistic degrees of freedom to the CG
representation65–67.
For our knowledge-based SOP-IDP Hamiltonian (eq 1), we now construct a semi-empirical
functional form for incorporating the temperature-dependence into the LJ potential as used
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here. Starting point is the observation that the hydrophobic attraction increases with tem-
perature and thus the dimensionless second virial coefficient B2(T )/σ
3 of hydrophobic pair
potentials U(r, T ) (note the explicit dependence on T ) between two monomers is negative
and a decreasing function of temperature103,104. Indeed for a thermosensitive polymer, it
was observed that B2 is simply linear in T over a sufficiently large temperature interval
(ca. 30 K) covering the transition temperature (Tc)
95. The increase of the hydrophobic
pair (monomer-monomer) attraction with T was also observed in explicit-water simula-
tions of the thermosensitive polymer polyethylene-glycol (PEG), for which also an explicitly
temperature-dependent CG model was devised recently105. Hence, we assume that over a
small temperature window it can be approximated by an expansion in powers of T around
some reference temperature, where we truncate the expansion after second order
B2(T )/σ
3 = a0 − a1T − a2T 2 . (2)
The coefficient a1 we assume is a universal constant for water as solvent and not dependent
on the type of hydrophobic monomer95. For U(r, T ), being parameterized as a LJ pair
potential, we seek now to obtain a functional form for the temperature-dependence of the
pairwise interactions among hydrophobic amino acids. Analytical treatment of B2(T ) for
the LJ potential, however, poses its own challenges106. For simplicity, we use the Mayer
function definition
B2(T )
σ3
= −2pi
σ3
∫ ∞
0
[
e−V (r)/kBT − 1] r2dr (3)
and solve it using a shifted square well potential V (r, T ) with a temperature-dependent well
depth (T ), thus arriving at a simple, functional form for the LJ attraction energy (T )
between the CG beads, given by (see SI for derivation)
(T ) = kBT ln
[
1 + c(T − T0) + d(T − T0)2
]
. (4)
This differs from the parabolic forms suggested in previous studies using empirical means64,80.
Through physical justifications alone, constraints apply to the possible values of c and d,
pertaining to pairwise hydrophobic bead interactions. First, |c|  |d|, c > 0 and d < 0 to
account for increase in hydrophobicity with T , followed by decrease. Moreover, the envisaged
universality of a1 in eq 2 dictates that c should also be universal, with T0 as a free parameter
specific to a pair of hydrophobes. However, considering also the length-scale dependence of
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hydrophobic interactions, it is more reasonable to expect that c should be universal to the
extent of only small differences in the dimensions of hydrophobic species.
To incorporate temperature-dependence in our Hamiltonian (eq 1), we use the functional
form of eq 4 to obtain SS(T ) for pairwise interactions among hydrophobic side chains.
Specifically, temperature-dependence is considered in pairwise interactions among the side-
chain beads corresponding to residues valine (Val, V), proline (Pro, P), leucine (Leu, L),
isoleucine (Ile, I), methionine (Met, M), alanine (Ala, A), phenylalanine (Phe, F), tyrosine
(Tyr, Y), tryptophan (Trp, W), and neutral histidine (His, H). With the original SOP-
IDP model parameterized at T = 298 K, the T0 specific to pairwise interactions, T
ij
0 , are
estimated using the linear relation
ijSS(T = 298 K) = 
ij
SS(SOP− IDP)
∼ kB(298 K) ln
[
1 + c(T − T ij0 )
]
(5)
where ijSS(SOP− IDP) is the corresponding interactions strength between the pair in the
temperature-independent SOP-IDP model81. Numerical values for pairwise T ij0 are listed in
Table S4 in the SI.
For the electrostatic interaction term in eq 1, the dielectric constant (ε) and the Debye
screening length (κ−1) are considered temperature-dependent. This term only contributes
in simulations of IDPs in the manuscript, where charged amino acids are present along
the sequence. Specifically, for a monovalent salt solution, κ−1 =
(
εε0kBT
2×103e2NAC
)1/2
, where
ε0 is the permittivity of free space, e is electronic charge, NA is Avogadro number, and C
is molar concentration of salt. Specific values for simulations at given temperatures were
calculated using an online tool107, using temperature-dependent83 ε values, and assuming a
physiological monovalent salt concentration of 0.15 M. The κ−1 values at select simulation
temperatures are noted in Table S3 in the SI, and ranges between 7.89 A˚ and 7.54 A˚ in the
temperature interval 288 K to 353 K.
B. Definitions of observables
Hydrodynamic radius (Rh) and radius of gyration (Rg): The Rh of a polymer
chain is defined as the radius of an effective hard sphere, that has the same effective center
of mass diffusivity as the polymer. From the simulated trajectories, we calculated Rh using
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the conventionally used Kirkwood double-sum formula108,
1
Rh
=
1
N2
〈∑
i 6=j
1
rij
〉
(6)
known to reproduce the experimental Stoke’s radius (as measured, for example, using DLS
experiments109) to within 10% accuracy110. Additionally, in the SI, we also report Rh cal-
culated using a relation proposed recently by Nygaard and co-workers111 for estimating the
Rh of disordered polypeptides from Rg and sequence length. This we refer to as R
Nyg
h , and
the calculation of it is described in the SI.
The Rg values were calculated using
108
Rg =
√√√√ 1
N
〈 N∑
i=1
(~ri − ~rCM)2
〉
. (7)
In equations 6 and 7, N represents the total number of beads in the polymer. The pairwise
distances are denoted by rij, and position vectors for individual beads and the center of
mass are denoted by ~ri and ~rCM , respectively.
Definition of Tc:
The cloud point temperature Tc is typically used as a measure of the CST of a polymer
solution18,23. Note that a first-order CST is only defined for polymer solutions in the ther-
modynamic limit112,113. The quantification of the transition of a large, many chain system
is out of our computational reach, even using a coarse-grained model. We thus use the fact
that the coil-to-globule transition temperature of a single polymer chain is a good marker
for the LCST of polymer solutions, which has been experimentally justified, for example,
for the thermoresponsive PNIPAM polymer114. The transition from low-temperature ex-
panded coil-like states to the high-temperature collapsed globular states is reflected in the
probability distributions of Rg, denoted by P (Rg) (Figure 2). The coil-to-globule transition
for simple and highly flexible single polymer chains is known to be continuous, i.e., no ex-
plicitly bimodal two-state behavior can be observed for it. Two-state behavior can only be
observed in polymer models by accounting for sufficient internal degrees of freedom115, or
by increasing stiffness116. Using the calculated distributions for a polymer with Nb bonds
forming the backbone chain at simulated temperature T , P (Rg;T ), it is possible to estimate
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the probabilities of globular- (Pg), and coil-like (Pc) states at the given temperature using
Pg(T ) =
∫
Rg≤Ricg
P (Rg;T )dRg
Pc(T ) =
∫
Rg>Ricg
P (Rg;T )dRg . (8)
Here Ricg is a threshold value separating collapsed (globule-like) and swollen (coil-like) states,
which we choose to be the theoretical radius of gyration of an equivalent ideal chain (or
Gaussian chain), Ricg =
√
Nbb/
√
6. The choice ensures that we have the correct limiting
behavior of the transition for infinitely long chains, where the θ-point coincides with the the
critical point for the phase separation of the polymer solution117–119. We calculated from our
simulations that the average bond length, b, has only a weak dependence on T (∆b ∼ 10−3
nm), and is well described by b = 0.41 nm. The transition temperature Tc is then naturally
defined by the equality of the two states Pg(T = Tc) ≈ Pc(T = Tc). Similar definitions
have also been used in the experimental studies of thermal denaturation of folded proteins120.
Polymer ensemble shape parameters: The effective shape of a polymer conformation, as
well as the distribution of shapes in a polymer conformational ensemble, can be characterized
using distributions of variables ∆ and S, defined as121,122
∆ =
3
2
∑3
i=1
(
λi − λ¯
)2(
3λ¯
)2 (9a)
S =
∏3
i=1
(
λi − λ¯
)
λ¯3
, (9b)
where λi are the eigenvalues of the gyration tensor, and λ¯ = (λ1 + λ2 + λ3) /3
121. The
parameter ∆ is a measure for the asphericity of conformations, and takes values between 0
(spherical) and 1 (linear). The parameter S is negative for oblate ellipsoids and positive for
prolate ellipsoids. The allowed values of S follow the bound −1
4
≤ S ≤ 2123.
Simulated SAXS profiles: SAXS profiles for the scattering intensity Iq for wave-vector q
from the simulated trajectories were computed using the Debye formula124
Iq =
〈 N∑
i=1
N∑
j=1
fi(q)fj(q)
sin(qrij)
qrij
〉
, (10)
where N is the total number of beads in the polymer and rij are pairwise distances. Opti-
mized q-dependent form factors f(q) derived using electron-density matching for two bead
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per residue CG representations of amino acids are available in literature125. The same (Table
S1 in the reference125) were used in our analysis. For dilute solution, the I(q) calculated
using eq 10 is identical to the single chain form factor.
C. Simulations and data analyses
Underdamped Langevin dynamics simulations in the canonical (NVT) ensemble were
carried out using the LAMMPS molecular dynamics simulator126,127. All simulations were
carried out at vanishingly small concentrations by assigning very large box dimensions, such
that the simulated molecule can not interact with its periodic images. Simulation time-step
was chosen to be 30 fs. Unless specified otherwise, each simulation trajectory was equili-
brated for 107 timesteps, followed by production simulations for 108 timesteps during which
104 conformations were stored at equal intervals for analysis. For all systems a minimum
of six independent simulations were performed. The software Visual Molecular Dynamics
(VMD) was used for visualization and rendering of representative conformations128. Trun-
cation and shift was used for all non-bonded interactions described in eq 1. The cut-off
distance for LJ interactions was 2.4 nm. The screened Coulomb interaction cut-off was
chosen to be 4κ−1.
In the manuscript, quantitative comparisons of simulated and experimental data have
been attempted with four experimental reports. In the following, we briefly outline the key
experimental conditions such as pH, ionic strength and buffer conditions from the respective
reports when available. The simulated Tc for (VPGVG)n is compared to turbidity profile
measurements by Meyer and Chilkoti24. The publication does not report any of the above
conditions. Our simulations for these chains, which contain no charged amino acids, are
also unaffected by salt concentration and pH through construction. For IDP p53-IDR, the
SAXS profile at 293 K is compared with experiments by Fersht et al.129 (25 mM phosphate,
pH 7.2, 0.15 M NaCl, 5 mM DTT, 5% (vol/vol) glycerol), and Rh is compared with dy-
namic light scattering (DLS) measurements by Whitten et al.130. The latter does not report
DLS experiment conditions explicitly, whence physiological conditions are assumed. For
IDP hTau40, Rg and I(q) profiles are compared with SAXS measurements by Tenenbaum et
al131,132. The authors reported that protein powder was reconstituted in 50 mM MES, pH
6.8, 0.1 M NaCl and 0.5 mM EGTA, concentrated at 2 mg/ml in 0.1 × phosphate buffered
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saline solution of ionic strength 0.02 M at pH 7.4 (among other conditions), and finally
centrifuged and filtered131. Owing to the simplicity of our energy function and simulation
protocol, experimental conditions such as buffer and denaturants can not be accounted for
in the simulations. Consistent with all reported pH values, histidine was considered to be
neutral in simulations. Charges for other amino acids are reported in the SI. All simula-
tions were performed considering 0.15 M monovalent salt concentrations to evaluate Debye
screening lengths κ−1. In our simple protocol of using screened electrostatic interactions,
the accounting for charged bead interactions is only approximate.
III. RESULTS AND DISCUSSION
A. Assignment of universal parameters in the model: LCST in (VPGVG)n
0.00
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R
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FIG. 2. Probability distributions of radius of gyration (Rg) for the ELP (VPGVG)90 at different tem-
peratures across the observed Tc (≈ 310K). The broad distributions at low temperatures can clearly be
observed to systematically shift towards sharper distributions about smaller mean Rg values, as the simu-
lation temperature is increased. The vertical line shows the Rg for an equivalent ideal chain polymer (R
ic
g ,
see Methods). The inset plot shows the temperature-dependences of mean Rg and Rh for the ELP.
In notable experiments, Meyer and Chilkoti studied the LCST transitions for the canon-
ical ELP sequence (VPGVG)n (along with other sequences of lower hydrophobicities) for
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various sequence lengths (N = 5n)24. The observed Tc values at the very low experimental
solution concentrations are ideally suited for parameterization of our model, allowing di-
rect comparisons of simulated and experimental results, as also done previously58. We used
the Tc values at the lowest reported ELP concentration of 1 µM from the aforementioned
study (see supplementary figure B therein) for (VPGVG)60 and (VPGVG)90 to determine
the universal parameters c and d (eq 4) in our model.
T = 293 K T = 306 K T = 310 K ≈ Tc T = 320 K
FIG. 3. Representative snapshots showing the progressive collapse of a (VPGVG)90 sequence as simulation
temperature (T ) is increased from below to above LCST (Tc ≈ 310K). The relative dimensions are true to
scale.
Initial estimates of reasonable ranges for c and d were aided by (i) the constraints on c and
d discussed in the Methods section, (ii) novel insights from simulations133, and theoretical
results on length-scale dependence of temperature-dependent hydrophobicity88,89. Details
are included in the SI. Note that for justified choices of c and d, progressive compaction of a
hydrophobic ELP sequence at elevated temperatures between ∼(290 K - 330 K) is a naturally
emergent property of the functional form of SS(T ) (cf. eq 4). This is highlighted in the
normalized probability distributions of Rg, P (Rg), shown at different values of simulation
temperature in Figure 2. A visual examination of the plots shown for (VPGVG)90 already
makes it apparent that at low temperatures of ∼ 300 K the conformational ensemble results
in a broad distribution of Rg values with almost all conformations contributing to Rg values
greater than the ideal chain Rg, R
ic
g . As temperature is increased, the distribution as well as
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the mean value (shown in inset of Figure 2) shifts to smaller values of Rg, ultimately resulting
in the reverse scenario where almost all conformations are compact, having Rg < R
ic
g .
The progressive compaction is highlighted in Figure 3 using representative snapshots of
polymer conformations. We used such simulated distributions, together with the definitions
of Tc from eq 8 to estimate the LCST from our simulations for different values of c and d.
Simultaneously comparing the Tc from simulations with the experimental cloud points (T
exp
c )
for (VPGVG)60 and (VPGVG)90 (T
exp
c = 317 K and 310 K respectively
24, see discussion
above), we arrived at the final parameterized values for c and d, given by 0.04 K−1 and
-0.00037 K−2 respectively (for details on the strategy for parameterization, refer to the SI).
As discussed in the Methods section, these values are kept unchanged for all results shown
in the rest of the manuscript.
Following the parameterization of the temperature-dependence of our model using
(VPGVG)60 and (VPGVG)90, we applied the model to (VPGVG)n sequences with pen-
tameric repeats (n) in the broad range of 20-150. As is to be expected, the LCST transition
occurs at progressively lower temperatures for larger n. This is shown in Figure 4(a) through
the fraction of globular conformations in the ensembles (Pg, eq 8) as a function of T . In
Figure 4(a), Pg(Tc) = 0.5 defines the Tc for a given sequence length. As can be seen from
Figure 4(b), Tc ∼ 308 K from simulations for (VPGVG)120 is in excellent agreement with
the experimental value of ∼ 307 K at 1 µM concentration obtained by Meyer and Chilkoti24.
For less than 50 pentameric repeats we do not observe LCST transitions in single chains, as
shown for (VPGVG)40 in Figure 4(a) where Pg(T ) approaches but never attains the value
of 0.5. This is qualitatively consistent with reports from experimental literature, where at
least n = 40 pentameric repeats for (VPGVG)n have been required to observe LCST in
dilute ELP solutions25,134,135. As such, we conclude that our model is able to accurately
capture the LCST transition temperatures of (VPGVG)n sequences at low concentrations.
In experiments, Tc for ELPs have been observed to decrease with increasing ELP con-
centration following a logarithmic relationship24,48. Experiments also reveal a power-law
dependency of Tc on chain length N for thermoresponsive PNIPAM
136. The latter depen-
dence was also envisaged using all-atom simulations for ELPs58. The most general form of
a power-law dependence of Tc on N can be expressed as Tc = Tshift + T
0
cN
−α, where Tshift
is a reference correction. A fit of the functional form with Tc values obtained from our
simulations is shown in Figure 4(b). The values of Tshift and T
0
c obtained from the fit are
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FIG. 4. (a) Fraction of collapsed globule-like conformations (Pg(T ), eq 8) as a function of temperature
for (VPGVG)n sequences of varying pentameric repeat lengths n. The dotted line shows Pg(T ) = 0.5. (b)
Estimates for transition temperatures (Tc) for (VPGVG)n sequences compared with experimental results
by Meyer and Chilkoti24. The experimental numbers correspond to lowest reported concentration of 1 µM.
Log-log representation with a shift in Tc is used to highlight that Tc and sequence length N (= 5n) follow
a power-law relation Tc = Tshift + T
0
cN
−α (see text), with Tshift ≈ 276.1 K, T 0c ≈ 461.5 K and α ≈ 0.42
obtained from fit.
276.1 K, and 461.5 K respectively. The exponent α is obtained to be ≈ 0.42, which is close
to 0.44 reported for PNIPAM136, and not far from 0.5 predicted by theory119,137.
B. Structural properties of (VPGVG)n: dimensions and disorder
In the discussions above involving the parameterization of our model, attention was paid
only to the distribution of Rg values, without any regard to the mean dimensions of chains
at any given temperature. In Table I we compare simulated hydrodynamic radii (eq 6) of
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ELP Rexph (293 K) Rh (293 K) Rh (340 K) Rh,SOP−IDP (293 K)
(VPGVG)150 – 7.02 (0.32) 3.46 (0.05) 6.19 (0.29)
(VPGVG)120 6.0 6.12 (0.28) 3.25 (0.05) 5.52 (0.23)
(VPGVG)90 – 5.22 (0.24) 3.00 (0.06) 4.83 (0.19)
(VPGVG)60 4.2 4.24 (0.19) 2.69 (0.07) 3.94 (0.15)
(VPGVG)40 3.7 3.49 (0.16) 2.43 (0.09) 3.21 (0.13)
(VPGVG)30 3.4 3.10 (0.14) 2.28 (0.10) 2.86 (0.12)
(VPGVG)20 2.7 2.56 (0.11) 2.04 (0.09) 2.37 (0.10)
TABLE I. ELP chain dimensions: Comparison of Rh from simulations with reports by Schmidt et al. using
DLS experiments (Rexph )
138. All numbers are in units of nm. The numbers in parentheses represent standard
errors. The simulated Rh values at 340 K are estimates for the dimensions of the most compact states, since
Pg(T ) for the (VPGVG)n sequence shows maxima around 340 K (Figure 4(a)). The Rh,SOP−IDP column
represents the Rh values as obtained using the original, temperature-independent SOP-IDP model
81.
(VPGVG)n sequences at T = 293 K with reported DLS measurements by Schmidt et al. at
the same temperature. For completeness and additional comparison, the results obtained
using the original temperature-independent SOP-IDP model at the same simulation tem-
perature are also shown in Table I. In Table S5 in the SI, we also report corresponding RNygh
values calculated using the Nygaard relation111 and Rg calculated from simulations (eq 7).
First, given that the SOP-IDP model has been shown to capture the chain dimensions un-
der ambient conditions for diverse polypeptide sequences81,82, it is not surprising that the
temperature-independent model results are already in fair agreement with experiments, with
deviations in Rh from the experimental values ∼(8-15)%. It is gratifying to observe, that the
temperature-dependent parameterization of the model results in improved agreement with
experimental values, with maximum deviation now limited to <9%. We reiterate that the
improved accuracy in the reproduction of the chain dimensions is an emergent property from
our model, and the temperature-dependent SOP-IDP model captures both ‘coil-like’ ensem-
ble dimensions, and the ‘coil-to-globule’ transition temperatures of (VPGVG)n ELPs.
Following the physics of polymers in good solvents, it is expected that the mean Rg for
(VPGVG)n at T = 293 K should scale with with sequence length N following Flory’s scaling
law Rg = R
c
0N
0.588108,139. As shown in Figure 5, this is indeed observed over the entire range
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FIG. 5. Scaling behavior of Rg108,139, Rg ∼ R0gNν , for (VPGVG)n sequences (N = 5n is the sequence
length),– (blue) in the low temperature coil-like and (red) in the high temperature globule-like phases. The
solid blue line reflects the good-solvent scaling at 293 K, with ν = 0.588 and R0g ≈ 0.2 nm. The theoretically
expected bad-solvent scaling is observed at 340 K for large sequence lengths (broken red line, ν = 0.333 and
R0g ≈ 0.38 nm). Smaller sequences at 340 K show a surprising weak scaling, shown by the broken black line,
that fits best to ν ≈ 0.173, but with an unrealistic R0g ≈ 1.0 nm.
in simulated sequence length from N = 100 to N = 750, with a prefactor Rc0 ≈ 0.2 nm.
Similarly, the Rg values for the high T globular states should scale as Rg = R
g
0N
1/3, if
fully collapsed108. From our simulations, we observed that the (VPGVG)n chains adopt
most compact conformations at T ∼ (335 - 340) K, above which a weak expansion of the
chains is observed. This observation is highly consistent with the unfolding regime of T ≥
333 K envisaged by Marx et al.60. As such, we consider the Rg at 340 K as the globule
dimensions of single ELP chains (Rh at 340 K are reported in Table I). Interestingly, the
bad-solvent scaling of Rg ∼ N1/3 only holds for N ≥ 400, with Rg0 ≈ 0.38 nm, as shown also
in Figure 5. For smaller sequence lengths, N < 350, we clearly observe a weaker scaling.
This is manifested through a systematic deviation towards larger Rg than expected for the
fully collapsed globular state of the polymers.
Physical insights into the origins of this apparent weaker scaling can be gained through a
statistical analysis of the shapes of the polymer conformations populating the ensembles of
interest. Using the temperature-independent SOP-IDP model, and polymer shape parame-
ters ∆ and S (eqs 9a, 9b)121,122, it was shown that the conformational ensembles of disordered
polypeptide sequences under good solvent conditions, specifically IDPs, can generically be
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FIG. 6. Probability distributions of shape parameters ∆ (a) and S (b) for sequence lengths 150 ≤ N ≤ 450
at 293 K (dashed) and 340 K (solid). The inset plot in (b) shows a zoomed-in view of the peaks around
S ∼ 0 at 340 K.
described as prolate ellipsoidal, and with characteristically broad distributions in both ∆
and S81. Predominantly prolate ellipsoidal conformations have also been reported in well
solvated poly-ampholytic IDPs with low charge segregation along the sequence140,141. Con-
sistent with the observations, the distributions of shape parameters ∆ and S for (VPGVG)n
sequences at T = 293 K, shown with dashed lines in Figures 6(a) and 6(b), are observed
to be broad, and highly skewed towards elongated prolate ellipsoidal conformations. For
ready reference, we recall that ∆ = 0 corresponds to a perfect sphere, while ∆ = 1 is a rigid
cylinder, and S > 0 delineates prolate nature of an ellipsoid.
The overlapping nature of the distributions at T = 293 K for all sequence lengths high-
lights the unchanged sequence composition with N . While the conformational ensembles
are substantially more spherical at T = 340 K for all N , a visual inspection of the ∆ and S
distributions corresponding to different N clearly show that the conformational ensembles
become increasingly spherical as N is increased from 150 to 450, with increasingly larger frac-
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tions of the conformations populating peaks corresponding to ∆ < 0.2 and S ∼ 0. The ∆ <
0.2 values indicate that the conformations are more spherical than the collapsed hairpin-like
conformations observed in poly-ampholytic IDPs which are characterized by ∆ ∼ 0.2140.
Shape fluctuation is widely regarded as a key signature of conformational heterogeneity in
disordered polypeptides, and is attributed to non-homogeneous distributions of amino acids
along the peptide sequences81,142–145. Recently, the decoupling of size and shape fluctuations
has been used to reconcile discrepancies in small-angle X-ray scattering and single-molecule
Fo¨rster resonance energy transfer measurements143. The results in Figure 6 show that vary-
ing propensity for aspherical conformations can appear also through changes in sequence
length. The block-wise repetitive sequences are identical in composition apart from the
sequence length, and the environmental conditions for all simulations at 340 K are also
identical. A key characteristic of the energy function at 340 K, in contrast to 293 K where
shape distributions are invariant, is that it strongly promotes disproportionate interactions
among monomers at short length scales. This likely results in locally non-isotropic packing
of monomers. With increasing chain length, entropic constraints are relaxed, and the num-
ber of allowed pairwise contacts increases substantially. As a result, the ensembles sample
greater numbers of near spherical conformations. Such considerations can be important in
the interpretation of experimental data, especially in the quantification of aspherical defor-
mations.
We conclude our results on the temperature-driven conformational changes in (VPGVG)n
by highlighting the disordered nature of the ensembles,- both at low and high temperatures.
While Figures 2 and 5 already ascertain the good-solvent like polymeric nature and hence
disorder at low T , the same is not trivially inferred at high T , especially for the longer chains
showing LCST. Indeed, the ∼ N1/3 scaling of Rg (Figure 5, N ≥ 400) and relatively sharply
peaked distribution of Rg at 340 K (shown in Figure S5 in SI) can misleadingly be interpret
as signatures of ordered conformations, as predicted originally for ELPs. To provide a more
stringent test for disorder in compact globular states (see also section titled Disordered
ensemble and uncorrelated conformations in the SI), we show in Figure 7 the scaled end-to-
end distance (Ree) distributions at both 293 K and 340 K for (VPGVG)90. The distributions
barely show any discernable changes, and agree reasonably well with distributions expected
from theoretical polymer models. This reflects the existence of a dynamically evolving and
highly mobile polymeric ensemble even in the most compact phase at T = 340 K, above
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FIG. 7. Probability distributions of the scaled end-to-end distance (Ree) for (VPGVG)90 at T = 293 K
(blue circles) and T = 340 K (red squares). The dashed curves in the background show the theoretical
distributions for a Gaussian chain (black) and for a self-avoiding walk (orange), respectively108. In our
analyses, Ree for a polymer conformation is defined as the spatial distance between the terminal backbone
beads in the chain.
LCST. It is important to note, however, that this does not negate the possibility for transient
local structures over short length scales.
C. Relative hydrophobicities of amino acids
Following the initial works of Urry et al., and numerous experimental studies in sub-
sequent years, it is understood that the chemical identity of the guest residue X in se-
quences (VPGXG)n influences the Tc of the ELPs. More hydrophobic, especially aromatic-
hydrophobic, residues lead to LCST transition at lower Tc, and vice-versa
19–21. In the
context of Tc in ELPs (amino acid hydrophobicity scales, or rankings are context dependent
and varied146–151) the hydrophobic residues are ranked in descending order of hydrophobici-
ties as Trp (W) ¿ Tyr (Y) ¿ Phe (F) ¿ Leu (L) ∼ Ile (I) ¿ Met (M) ∼ Val (V) ¿ Ala (A)21.
In the list, we have ignored the titratable residue histidine (H) for which the Tc depends
critically on the protonation state, and also proline (P), by definition in ELPs. The LCST
transitions observed for the corresponding (VPGXG)n sequences are shown in Figures 8(a,b)
for a diverse choice of X, and small (n = 200) to long (n = 750) sequence lengths.
As shown in Figure 8(a), trends in the relative hydrophobicities of residues W, F, V, and
21
M are faithfully reproduced by our model. The relative hydrophobicities are prominently ob-
servable for longer sequence lengths (N = 750). For smaller sequence lengths the differences
become increasingly less distinct – with the exception of W, which is clearly observed as the
most hydrophobic amino acid in our model. The lowest Tc for guest residue W is immedi-
ately followed by a second aromatic-hydrophobic residue F, capturing the generally greater
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FIG. 8. (a) Fraction of collapsed globule-like conformations (Pg(T )) as a function of T for (VPGXG)n
sequences, compared for sequence length N (= 5n) and guest residue identity (X = {W, F, V, M, L, Y}).
The LCST transition can be observed to systematically sharpen for longer chains for all X. The residues
W, F, V and M follow experimentally observed trends in relative hydrophobicities in the context of Tc
in ELPs, W¿F¿V∼M21. Residues L and Y are less hydrophobic than expected. (b) Estimates for Tc as
a function of N . As with Figure 4(b), log-log representation is used to highlight the general power-law
relation Tc = Tshift + T
0
cN
−α. Using the α = 0.42 reported in Figure 4(b), the fitted (Tshift, T 0c ) values for
(VPGWG)n, (VPGFG)n, (VPGMG)n and (VPGVG)n are (280.8 K, 347.9 K), (280.0 K, 392.3 K), (279.0
K, 422.9 K) and (276.1 K, 461.5 K) respectively. The fitted lines are not shown for clarity.
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hydrophobicities of aromatic-hydrophobic residues compared to the aliphatic ones. The ex-
ception to this rule is tyrosine (Y), which is observed to be the least hydrophobic among
the discussed hydrophobic amino acids except for alanine. Early studies report a unique
characteristic of aromatic hydrophobic amino acids152, whereby depending upon methodol-
ogy of characterization, they can be classified both as strongly hydrophobic146 and mostly
hydrophilic153. In solvent accessibility measurements of amino acids in folded proteins, Y
residues show a low propensity for full burial unlike W and F152. The deviant behavior of
Y in our model is attributed to this partial polar nature of Y, and consequent weaker inter-
actions with hydrophobic residues in the knowledge-based Betancourt-Thirumalai potential
used. This represents a limitation of the model in its current formalism. The complexity
of the challenge dictates that the remedy should be found through incorporation of further
specific interactions to the model, instead of a simple refinement of parameters. We refer
the reader to a brief discussion in the Appendix. Following F are the hydrophobicities of V
and M, which are virtually indistinguishable in our model. This is in reasonable agreement
also with their hydrophobicity rank21. Deviating from the experimental trend, residues L
and I have a higher Tc than V and M. These deviations are discussed in the SI as part of
context specific alterations of the model.
The general power law dependence of Tc on sequence length N , discussed previously
for (VPGVG)n is observed to hold for generic (VPGXG)n sequences, as can be seen from
the approximately linear nature of the ln(Tc − Tshift) vs. lnN plots shown in Figure 8(b).
One can envisage that power law dependence would be observed for all polymers demon-
strating LCST. From a computational perspective, it endows a degree of predictability to
Tc for a polymer model, which can be highly advantageous in efficient model building and
parameterization.
D. Temperature-dependent conformational changes in IDPs
In the results discussed thus far, we have elaborated on the performance of our model
for simulations of ELP sequences (VPGXG)n over a wide range of experimentally relevant
temperatures. To now challenge the performance of our model a bit further, we subject our
simulations to study two intrinsically disordered polypeptide (IDP) sequences of substan-
tially greater compositional complexity than ELPs.
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FIG. 9. (a) Normalized scattering intensity (SAXS) profiles for the IDP p53-IDR. The grey profile is
extracted from published experimental data at T = 293 K by Fersht et al129. The simulated profile at 293
K (blue) is in agreement with the experimental profile, and the simulated profile at 338 K (red) deviates
strongly. Inset plot of (a) shows the same profiles in the Kratky representation. (b) Distributions of shape
parameters ∆ and S (inset) from simulated conformations, at 293 K (blue) and 338 K (red) highlight
the globular nature of the conformational ensemble of p53-IDR at 338 K, compared to 293 K. (c) The
temperature-dependences of Rh (red, square) and Rg (blue, circle) for p53-IDR. Both quantities are plotted
as the ratio of their corresponding values at T = 288 K. Experimental data, extracted from published
reference130, is shown in black, using mean values and error-bars. The inset panel of (c) shows the ratio
Rh/Rg at different simulated temperatures. Error bars in (c) were estimated using the propagation rule
δ
(
x
y
)
/
∣∣∣xy ∣∣∣ = δ(x)|x| + δ(y)|y| , with error margins in experimental Rh(T ) digitally extracted from published plots
in cited reference. The error margins for corresponding simulated results are comparable to the experimental
ones (Table S6 in SI), and have not been shown for clarity of representation. All experimental data were
extracted digitally using an online tool WebPlotDigitizer154.
As discussed in the introduction, a variety of other, possibly temperature-dependent in-
teractions contribute to the temperature-driven structural changes in IDPs. We recapitulate
that in our simulations, in addition to (T ), we consider only the temperature-dependence of
solvent mediated electrostatic interactions (see methods). Our focus is thus directed at con-
formational changes induced by higher temperatures. Specifically, we simulated two IDPs,–
namely the 93 residue (1-93) intrinsically disordered region of protein p53 (p53-IDR) and
the 441 residue human Tau protein (hTau40) over the wide temperature range of 288 K
≤ T ≤ 348 K. The FASTA sequences for p53-IDR and hTau40 are provided in the SI.
The IDPs p53-IDR and hTau40 are diverse in their amino acid compositions, having both
a sufficiently high fraction of charged (20% and 29% respectively) and hydrophobic (60% and
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38% respectively) amino acids. IDP p53-IDR, in spite of its relatively short sequence length,
assimilates in its sequence all the hydrophobic amino acids discussed in this report. It has
been studied experimentally at T = 293 K using SAXS129, and over temperatures ranging
from 278 K to 353 K using DLS and SDS-PAGE electrophoresis130. SAXS experiments have
been reported with hTau40, encompassing a temperature range of 288 K to 333 K131,132,155.
Both IDPs were studied previously in the development of the temperature-independent
SOP-IDP model81. While neither is known to undergo LCST transition, they exhibit subtle
temperature driven compaction of their overall dimensions130–132.
p53-IDR: Figure 9(a) compares simulated SAXS scattering intensity profiles (eq 10) with
experimental SAXS profile reported by Fersht et al. at 293 K129. The simulated profile at
T = 293 K is in agreement with the experiment, both in the normalized scattering intensity
(Iq/I0) and the Kratky (q
2Iq/I0) representation (inset plot, Figure 9(a)). Quantitative
consistency over the full experimentally reported range in q establishes that the simulated
ensemble is a highly faithful representation of the conformational ensemble of p53-IDR at
the low temperature condition of T = 293 K. As can be expected, the Rg at 293 K computed
from our current simulation data using eq 7, 2.92 ± 0.5 nm, is also in good agreement with
the experimentally reported value of 2.87 nm (2.95 nm at 298 K was obtained with the
temperature-independent SOP-IDP model)81,156.
The simulated SAXS profile at T = 338 K is also shown in Figure 9(a) using both scat-
tering intensity and Kratky representations. Clear deviations from the corresponding curves
at 293 K indicates a substantial dependence of the conformational ensemble of p53-IDR on
temperature. Of special interest here is the appearance of the bell-shaped nature of the curve
in the Kratky representation at 338 K, which implies a propensity towards more compact,
globule-like conformations157. The polymer shape parameters ∆ and S distributions at the
two temperatures are shown in Figure 9(b). Both distributions clearly highlight that the
conformational ensemble shifts from extended ellipsoidal conformations at 293 K to com-
paratively globular conformations at 338 K. The simulated Rg at 338 K for p53-IDR was
observed to be 2.47 ± 0.5 nm, reduced by ∼ 15% from its value at 293 K.
Hydrodynamic radius measurements for p53-IDR have been reported by Whitten et al.
over a wide range of temperatures130. The simulated (Rg, Rh) and experimental (Rh) size
estimates are reported in Table S6 in the SI as a function of temperature. Table S6 also
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includes Rh calculated from our simulations using the Nygaard relation
111. In spite of good
agreement with SAXS described above, and the known ability of the SOP-IDP model to
capture both Rg and Rh for other IDPs (e.g. α-Synuclein) to acceptable accuracy
81, we
observed that the reported Rh values were systematically larger than the simulated values,
even around 293 K. A closer inspection of reported experimental values reveals an Rh/Rg
ratio > 1.1 around 293 K, which deviates strongly from theoretical polymer models (limiting
values of 0.665 and 0.640 for ideal chain and polymer in a good solvent, respectively158)
and observations from simulations of IDPs81. As shown in the inset of Figure 9(c), the
simulated value of Rh/Rg initially increases with T from ∼ 0.82 and saturates around ∼
0.86, in agreement with prior observations with disordered states of IDPs81. To compare our
simulated results with experiments by Whitten et al., we thus focus on the compaction of the
normalized size of p53-IDR with temperature. The respective size estimates (experimental
and simulated) at T = 288 K act as appropriate normalizations.
Figure 9(c) compares Rh(T )/Rh(288K) from DLS measurements
130 and our simulations.
For completeness, Rg(T )/Rg(288K) data from simulations is also shown. The comparison
shows good qualitative agreement in temperature induced compaction over a wide range of
temperatures ranging from 293 K (agreement at 288 K holds trivially through construction)
to ∼ 338 K, with simulated Rh(T )/Rh(288K) data points always found within the exper-
imental error margins in the said interval. Promising agreement is found in the smaller
temperature range of 293 K ≤ T ≤ 328 K. Beyond the high temperature of T ∼ 340 K, the
simulated results show an increase in size instead of compaction. In our simulations, this
is attributable to the peaking of pairwise hydrophobic interactions (T ) around T ∼ 340 K
as discussed in previous sections. We refer the reader to the Appendix section, where we
provide further discussion on this observed deviation.
hTau40: The 441 residue long hTau40 is among the longest IDP sequences whose sin-
gle chain conformational properties have been studied till date in experiments81,131,155,156.
It has been shown to undergo a temperature induced compaction in Rg by ∼ 18% be-
tween the temperatures of 293 K and 333 K using SAXS measurements by Tenenbaum et
al131,132. The Rg from our simulations at different simulation temperatures are compared
with the corresponding experimental values in Table II and Figure 10. As the comparisons
reflect, our simulation model not only captures a sufficiently faithful representation of the
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T / K Rexpg / nm Rsimg / nm % deviation
293 6.96 (0.16) 6.77 (0.81) 2.73
298 7.00 (0.17) 6.56 (0.80) 6.29
303 6.53 (0.15) 6.38 (0.75) 2.30
308 6.40 (0.16) 6.22 (0.76) 2.81
313 6.34 (0.17) 6.16 (0.69) 2.84
318 5.93 (0.20) 6.08 (0.79) 2.53
323 6.06 (0.20) 6.01 (0.78) 0.83
328 5.90 (0.21) 5.94 (0.72) 0.68
333 5.67 (0.23) 5.99 (0.82) 5.64
338 – 6.07 (0.80) –
343 – 6.20 (0.81) –
TABLE II. Comparison of experimentally reported (Rexpg )
131,132 and simulated (Rsimg ) radii of gyration for
IDP hTau40 at different temperatures. Numbers in parentheses represent error estimates. The % deviation
in the final column is calculated as
(∣∣Rexpg −Rsimg ∣∣ /Rexpg ) × 100%. Experimental values were obtained, as
reported in cited reference, using 1000 representative hTau40 conformations generated through ensemble
optimization method fits of the scattering intensity profiles at each temperature131.
temperature-driven fractional compaction of hTau40 (∼ 12% from simulations vs. ∼ 15%
from experiments between 293 K and 328 K), but also consistently reproduces the absolute
experimental Rg values to appreciable accuracy. For all temperatures apart from 298 K and
333 K, the deviations from experimental values is limited to < 3%. Approaching high T
values ≥ 333 K, the simulation results show thermal expansion as discussed previously in
the manuscript, in contradiction to continued compaction reported by experiment at 333 K
(Figure 10).
SAXS scattering intensity profiles (Iq, eq 10) enable direct comparison between exper-
imental and simulated conformational ensembles over varying length-scales (q−1). In Fig-
ure 11 we compare simulated and experimental131,132 Iq profiles at three above-ambient tem-
peratures. Consistent with the agreement observed in Rg, the simulated and experimental
profiles are in good agreement beyond the Guinier regime (qRg ≤ 1). Indeed, over a wide
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FIG. 10. Visual comparison of experimental131,132 (black circles) and simulated (red squared) Rg data for
IDP hTau40 listed in Table II.
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FIG. 11. Normalized scattering intensity (SAXS) profiles for the IDP hTau40 at (a) 308 K, (b) 318 K
and (c) 333 K. Simulated profiles are shown in red. Experimental data131,132, shown in grey, were received
courtesy of A. Tenenbaum and G. Ciasca. Inset plots show the profiles in the Kratky representation. The
broken vertical lines in the inset plots show the respective Guinier regimes (qRg ≤ 1) using Rg = Rsimg from
Table II.
range of temperature, strong deviations from the experimental profiles are observed only
beyond q ∼ 5R−1g , as highlighted in the Kratky representation (inset plots). At T ∼ 318 K
the simulated ensemble appears to be a faithful representation of the experimental ensemble
(Figure 11(b)). For a lower temperature of T ∼ 308 K (Figure 11 (a)), over-compaction is
observed in the simulated ensemble. The scenario is reversed at T ∼ 333 K, with the exper-
imental ensemble appearing to be locally compact over the simulated ensemble. With its
complex sequence composition and associated conformational heterogeneity, IDP hTau40
has historically been a challenging system for study, even at ambient temperatures81,155.
While clearly imperfect, the results are promising, and detailed analysis of the temperature-
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dependent conformations of hTau40 will be part of future projects.
IV. CONCLUDING REMARKS
We have presented an explicitly temperature-dependent coarse grained model for the
simulations of disordered, predominantly hydrophobic polypeptide sequences. The model
captures the structure and loci of the cloud point (here, collapse transition temperature)
for a variety of experimentally probed ELP sequences, most notably for the canonical ELPs
(VPGVG)n. We provided insights into the temperature-dependent size-scalings, in partic-
ular the shape behavior of globular conformations at high temperatures which indicate an
anisotropic nature of the collapsed state for lower degrees of polymerization. The model
is shown to capture also the high temperature compaction of more complex polypeptides,
namely the IDPs p53-IDR and hTau40. A detailed study of other IDPs using the model,
and the structure of their high temperature coacervates would be very interesting for future
directions. Finally, we envisage that our model will be highly useful in future simulations
and characterization of ELP networks and hydrogels across the collapse transition, which is
very important for the development of highly responsive, functional soft materials6.
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V. APPENDIX : LIMITATIONS OF MODEL AND POSSIBLE REMEDY
In the article we have taken care to describe the known limitations of the model. In the
following, we briefly outline some possible approaches for improvement, which also represent
possible future directions of research.
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Deviations of relative hydrophobicities of amino acids from experiments: The small de-
viations observed for aliphatic amino acids can be easily accounted for, as described in the
SI. We believe that the low observed hydrophobicity of Y should not be corrected purely
within the scope of the model. Aromatic hydrophobic residues can contribute to additional
residue-specific interactions such as pi-pi or cation-pi interactions, and hydrogen bonding.
These interactions are stronger at lower temperatures, and are known to play important
roles in UCST behavior of polypeptides68. In future work, we intend to extend the model
to UCST transitions by including the said interactions, possibly in temperature-dependent
manner. While specific results can not be predicted, presence of stronger interactions at low
temperatures will drive the Tc of Y containing sequences to lower temperatures. This effect
should be accounted for before attempting to optimize of interaction parameters for Y.
Increase in simulated size of IDPs at very high temperatures: We have reported small
expansions in simulated sizes of IDPs p53-IDR and hTau40 around and above T ∼ 333 K,
which contradict continued compactions reported in experiments. The maxima of pairwise
(T ) is strongly sensitive to parameters in eq 4. Thus, minor modifications to a parameter
such as d in eq 4 is a possible direct route to rectify these deviations. However, the current
model does not account for temperature-dependence of pairwise interactions among polar
and charged (beyond screened electrostatics) residue types. The strength of these pairwise
interactions can increase at very high temperatures, driven by the reduced stability of hy-
dration shell structures around these residues. It is possible that the increased strength of
such interactions also contributes to the continued compactions of the IDPs beyond T ∼ 333
K. Existing literatures suggest that temperature-dependent modifications to such pair in-
teractions in a simulation model should be introduced through changes in vdW radii, rather
than (T )96,105.
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